Squalene synthase (farnesyl-diphosphate farnesyltransferase, EC 2.5.1.21) is the first committed enzyme of the sterol biosynthesis pathway. Inhibitors of this enzyme have been intensively studied as potential antifungal agents. To assess the effect of deactivating squalene synthase on the growth of fungi in mice, we isolated the squalene synthase (ERG9) gene from the pathogenic fungus Candida glabrata and generated strains in which the CgERG9 gene was under the control of the tetracycline-regulatable promoter. Depletion of the ERG9 gene by doxycycline (DOX), a derivative of tetracycline, decreased the cell viability in laboratory media, whereas it did not affect cell growth in mice at all. The growth defect caused by DOX in laboratory media was suppressed by the addition of serum. Analyses of the sterol composition of the restored cells in serum-containing media suggest that the defect of ergosterol biosynthesis can be complemented by the incorporation of exogenous cholesterol into the cells. Thus, deactivation of squalene synthase did not affect fungal growth in mice, presumably because the cells were able to incorporate cholesterol from the serum. These results showed that squalene synthase could not be a suitable target of antifungals for the treatment of C. glabrata infection.
The incidence of life-threatening fungal infections has been increasing, particularly among patients who are immunocompromised by human immunodeficiency virus infection and among those who are receiving immunosuppressive therapy for organ transplantation or chemotherapy for cancer. Current therapies against such infections rely on two main groups of drugs: polyenes, which disrupt membrane function, and azoles, which inhibit the synthesis of ergosterol (4, 5) . The toxicity of polyenes, however, and the rapid appearance of azole-resistant strains have motivated us to discover and develop new antifungal drugs.
Sterol biosynthesis inhibitors are widely used not only in the medical field, including as treatments for systemic fungal infections, but also in the agricultural field. They are roughly classified into three groups according to their target molecules. One is the group of sterol 14␣-demethylase inhibitors, including azoles, which lead to cell death by accumulation of the aberrant sterol 14␣-methylergosta-8,24(28)-dien-3␤,6␣-diol (14, 15) . Morpholines and piperidines constitute a second group of inhibitors that inhibit sterol ⌬ 14 -reductase and ⌬ 837 -isomerase. Treatment of fungal infections with these compounds results in fungal growth inhibition by accumulation of ⌬ 8,14 -sterol and a corresponding depletion of ergosterol (16) . The third group, including allylamines, inhibits squalene epoxidase and causes depletion of ergosterol (30) . Thus, sterol biosynthesis inhibitors have been well characterized. Nevertheless, two sterol biosynthesis inhibitor groups other than azoles have limited usefulness against fungal infections due to host toxicity for morpholines and undesirable pharmacokinetics for allylamines. Therefore, two approaches are thought to be necessary for the further development of sterol biosynthesis inhibitors as antifungal agents; one is to seek additional potential sites that are yet to be fully investigated. Another is to investigate the molecular responses of species resistant to such compounds.
Candida glabrata causes not only mucocutaneous but also deep-seated infections in transplant recipients and immunosuppressed patients (10, 31, 32) . Recent data indicate a population shift to non-Candida albicans species, including C. glabrata, Candida krusei, and Candida tropicalis, whereas C. albicans is mainly isolated from immunocompromised patients (3) . Among infections with Candida species other than C. Albicans, the incidence of C. glabrata infection has been increasing, mostly in conjunction with the use of azole antifungals (24) (25) (26) . Furthermore, this organism always grows as a haploid yeast cell, which makes genetic manipulation of organisms such as Saccharomyces cerevisiae easy. Furthermore, functional analysis of a gene, including in a host, can be performed by using a tetracycline-regulatable expression system (23) . Thus, C. glabrata is able to be an attractive experimental model to understand molecular responses of Candida species to antifungal compounds.
Squalene synthase (Erg9p) is the first enzyme branched out from other farnesyl pyrophosphate (FPP) derivatives, ubiquinones, dolichols, heme, and C 15 -or C 20 -isoprenoid chains. Loss of its function in an ortholog of S. cerevisiae leads to cell death (13) due to the defect of ergosterol biosynthesis. Therefore, inhibitors of this enzyme as candidates of antifungal compounds have been intensively pursued. The essential nature, however, of the ERG9 gene in C. glabrata has not been reported. To address this, we first isolated the ERG9 gene from this organism and investigated its essentiality, including in a host, by regulating its expression with a tetracycline-regulatable system (23) . Contrary to our expectation based on its essentiality in vitro, depletion of the squalene synthase gene did not block the growth of C. glabrata in mice. We also showed several lines of evidence supporting the ability of C. glabrata to incorporate exogenous sterol from serum in aerobic conditions, suggesting that host cholesterol complements the defect of ergosterol biosynthesis in C. glabrata. These findings would provide new insight for exploiting target-driven drug discovery programs. (5Ј-TGAATTGATTGTCCTTGCAGG-3Ј) and ERG9RV (5Ј-TGAGGATTGC TCGTGGATTG-3Ј). The DNA sequencing of the C. glabrata ERG9 gene was performed by the Sanger dideoxy chain termination method with M13 universal and reverse primers and synthetic oligonucleotides complemented to specific regions of CgERG9 using an ABI 377 sequencer.
Investigation of the number of viable cells in several culture media. Approximately 10 6 97SQS and ATCC 2001 cells were separately inoculated into YEPD medium with or without 10 g of doxycycline (DOX) per ml. After 14 h of incubation at 37°C, the optical density at 660 nm was determined. The number of viable cells was determined by counting the number of colonies on an agar plate in which 20 l of diluted cultures had been spread after incubation for 24 h at 37°C. For the time course experiments, approximately 10 5 97SQS cells were inoculated and cultured in YEPD medium at 37°C with or without 10 g of DOX per ml. Their growth was monitored by measuring the optical density at 660 nm at indicated times after adding DOX. The number of viable cells was also determined as described above. For permeability experiments, approximately 10 3 ATCC 2001 and 97SQS cells were inoculated and cultured in YEPD medium at 37°C for 14 h, with or without 10 g of DOX per ml, in the presence of the indicated concentrations of human serum (Irvine Scientific), human lipoprotein (Sigma), human lipoprotein-deficient serum (Sigma), 50 g of squalene per ml (Sigma), and 25 g of each of three sterols per ml (Sigma).
Determination of the number of viable C. glabrata cells in mice. To generate immunocompromised mice, male CD-1 mice were treated as described previously (23) . Each mouse was intravenously inoculated with 10 5 ATCC 2001 and 97SQS cells after having been given 5% of sucrose solution with or without 2 mg of DOX per ml as drinking water starting 2 days before the infection. On the indicated days, the mouse kidneys were removed and homogenized. The homogenates were spread onto YEPD plates containing penicillin G (200 U/ml) and streptomycin (200 g/ml). The number of colonies that had appeared after culturing the cells for 24 h at 37°C was counted.
Measurement of squalene synthase activity. Approximately 10 6 cells/ml were inoculated into YEPD medium or YEPD medium containing 5% (vol/vol) human serum. The cells were harvested after 8 h of incubation at 37°C with or without 10 g of DOX per ml. Microsomal fractions were prepared from them as described previously (11) . The harvested cells were suspended with buffer S (50 mM Tris-HCl [pH 7.5], 1 mM EDTA, 1 mM ␤-mercaptoethanol, 1 M sucrose, 1 mM phenylmethylsulfonyl fluoride). The suspension was vortexed with glass beads, and its extract was clarified by centrifugation. The supernatant was then centrifuged at 100,000 ϫ g for 1 h. After removing the supernatant, the pellet was suspended with buffer A (25 mM Tris-HCl [pH 7.5], 0.5 mM EDTA, 1 mM ␤-mercaptoethanol, 30% [vol/vol] glycerol), and its extract was clarified by centrifugation. Protein concentrations of these microsome fractions were determined with a bicinchoninic acid protein assay kit (Pierce). The same volume of premix solution (400 mM phosphate-buffered saline, 10 mM MgCl 2 , 2 mM NADPH, 7.5 M FPP, containing 3 H-labeled FPP) was added to each microsomal fraction. After 1 h of incubation at 30°C, the reaction was terminated by adding 1/5 volume of ice-cold stop solution (0.5 M EDTA, 5% [wt/vol] KOH). These samples were washed with ice-cold water, filtered, and then dried. After that, the count was measured with a scintillation counter (TOP count; Amersham-Pharmacia).
Analyses of sterol composition of C. glabrata cells. To prepare samples for analyzing sterol content, we modified the method described previously (8) . Approximately 10 6 cells per ml were inoculated and cultured in YEPD medium or YEPD medium containing 10% (vol/vol) human serum at 37°C. The cells were harvested after 8 h of incubation with or without 10 g of DOX per ml. They were washed with sterile water and lyophilized. The lipid fraction of each sample was extracted with 3 ml of CH 2 Cl 2 -MeOH (2:1) solution at 70°C. After drying, the lipid fractions were saponified with 6% (wt/vol) methanolic KOH for 1 h at 90°C. An equal volume of water was added to the saponified samples. After removal of the unsaponified fractions with 3 volumes of hexane, each sample was acetylated with toluene-Ac 2 O-pyridine (1:2:1 vol/vol/vol) for 16 h at room temperature and then evaporated; sterol compositions were analyzed with gas chromatograph-mass spectrometry (JEOL). We used 4,4-diphenyl-1-benzyl-piperidine as the internal control for the analyses. When the mass spectrum was measured, the chamber temperature was 200°C and ionization voltage was 30 eV. The gas chromatography was performed at 250°C with a 2% OV-17 (5 mm by 1.5 m) column, and its flow rate was 30 ml/min.
Nucleotide sequence accession numbers. The DDBJ/EMBL/GenBank accession number for the sequence reported in this paper is AB009978 for CgERG9. The GenBank accession numbers for the previously determined nucleotide sequences of ERG9 of S. cerevisiae, C. albicans, S. pombe, humans, and A. thaliana are M63979, D89610, L06071, X69141, and D29017, respectively.
RESULTS

Isolation of the C. glabrata squalene synthase (ERG9) gene.
To isolate the C. glabrata ERG9 gene, we designed degenerate primers corresponding to the amino acid sequence in the highly conserved regions among five other species: S. cerevisiae (2, 13), C. albicans (N. Ishii, unpublished data), S. pombe, humans (27) , and A. thaliana (22) (Fig. 1 and Materials and Methods). With these primers, we reproducibly amplified an approximately 400-bp fragment from C. glabrata genomic DNA (data not shown). The DNA sequence of this fragment was capable of encoding a polypeptide that was homologous to the other five species (Fig. 2) . The central portion of this PCR fragment was used as a probe to obtain clones from the C. glabrata genomic library. Thirteen hybridization-positive clones were obtained from approximately 100,000 colonies, and their DNA sequences were determined by primer walking.
This C. glabrata open reading frame predicted a protein of 443 amino acids, and the sequence has 71.3% identity to S. cerevisiae Erg9p, 53.1% identity to C. albicans Erg9p, 37.7% identity to S. pombe Erg9p, 37.7% identity to human Erg9p, and 33.4% identity to A. thaliana Erg9p. Thus, the C. glabrata protein resembled most of the S. cerevisiae protein. Fig. 1 and 2 ). Of numerous potential sites for phosphorylation present in the C. glabrata protein, two phosphorylation sites by casein kinase II and a single phosphorylation site by protein kinase C were also highly conserved. Concerning the sites for casein kinase II, positions 80 to 83 in C. glabrata were conserved in all six species' enzymes, and positions 171 to 174 in C. glabrata were conserved in all four yeast species. As to the site of protein kinase C phosphorylation, positions 49 to 51 in C. glabrata were conserved in five species, excluding the A. thaliana protein (Fig. 2) . The hydrophobicity plot for the primary sequence of the C. glabrata protein exhibited a pattern similar to those of the other species (data not shown).
Investigation of the importance of the ERG9 gene for cell growth in laboratory media and in mice. To assess the importance of squalene synthase for the fungal growth in mice, we generated ERG9-controllable strain 97SQS, in which the CgERG9 gene was controlled by the tetracycline-regulatable promoter 97t (23) . The corrected replacement of the endoge- reduction in the number of viable cells was observed 5 h after adding DOX (Fig. 3B) , suggesting that the lack of squalene synthase activity caused rapid cell death. Furthermore, we investigated the importance of the enzyme for growth in mice by counting the number of surviving cells in mice treated with DOX or left untreated. Surprisingly, the 97SQS cells in the mice treated with DOX could proliferate as normally as those in the untreated mice. The results were almost the same as those obtained when wild-type cells were inoculated into mice. In contrast, a severe growth defect was observed when other controllable strains, such as 99TEF3, in which the TEF3 gene was controlled by a tetracycline-regulatable promoter, 99t (23), were inoculated into DOX-treated mice (data not shown).
Serum suppresses the growth defect of 97SQS cells treated with DOX. In yeast cells, including C. glabrata, the sterol biosynthesis pathway is strictly dependent on oxygen. Therefore, sterol auxotrophs normally appear only under laboratory anaerobic conditions, unless the sterol defect is accompanied by heme deficiency (20) . ATCC 2001, 97SQS, and its parent VOL. 44, 2000 EFFECT OF DEACTIVATING C. GLABRATA SQUALENE SYNTHASEstrain, ACG4, had heme competency because they could grow on nonfermentable media (data not shown). It has been reported that the concentration of oxygen in an animal body is 10 to 50 mm Hg (1). Admittedly, that figure is much lower than laboratory aerobic conditions; however, this value is not low enough to induce oxygen-dependent gene expression (1) . Furthermore, 10 g of cholesterol per ml was sufficient for the wild-type S. cerevisiae strain treated with lovastatin or fenpropimorph to grow under aerobic conditions (19, 21) . We, therefore, examined the permeability of the cells for lipids in aerobic conditions to address how the 97SQS cells were able to maintain normal growth in the mice treated with DOX. When 97SQS cells were inoculated into DOX-containing YEPD medium, the growth defect still occurred in the presence of 25-g/ml lanosterol, ergosterol, and cholesterol and in the presence of 50-g/ml squalene (Fig. 4A) . On the other hand, the addition of human serum, which contains a high concentration of cholesterol (5.5 mg per ml of serum), to YEPD medium could suppress the growth defect of the 97SQS caused by DOX. The numbers of viable cells were in correlation with the concentration of human serum below 5% (vol/vol) (Fig. 4B) . Moreover, we could obtain similar results when the sera of other species, such as calf or mouse, were added to YEPD medium (data not shown). To exclude the possibility that serum affects the binding of DOX to the fusion transactivator tetR-GAL4AD, we investigated the activity of squalene synthase in DOX-treated 97SQS cells in the presence of human serum. As shown in Table 1 , the squalene synthase activity of 97SQS cells was almost completely depressed in the media containing human serum and DOX. Furthermore, human serum did not affect the DOX-dependent growth defect of other controllable strains such as 99TEF3 (data not shown). Thus, the growth defect of 97SQS by DOX would be suppressed in the presence of serum. We then examined whether the addition of lipoprotein to media could suppress the growth defect of 97SQS cells treated with DOX, because almost all cholesterol exists as a lipoprotein in serum. The addition of lipoprotein could suppress the growth defect by DOX (Fig. 4C) . Nevertheless, the suppression was not observed in the medium containing lipoprotein-deficient serum (data not shown). Effect of serum on sterol composition in C. glabrata cells. To confirm that cholesterol would suppress the DOX-induced growth defect in the 97SQS cells, we analyzed the sterol composition of the cells. As shown in Table 2 , deactivation of squalene synthase by DOX affected only sterol biosynthesis and resulted in reduced amounts of ergosterol in the cells without the accumulation of aberrant sterols. Reduction of ergosterol correlated with a loss of viability in the 97SQS cells cultured with YEPD medium containing only DOX. On the other hand, when 97SQS cells were cultured in the presence of human serum and DOX, the cholesterol fraction was detected, and their growth defect was also suppressed. Interestingly, a cholesterol fraction was detected in all the cells cultured with human serum. This is the first demonstration that wild-type yeast cells can incorporate sterols from growth media under aerobic conditions. The amount of cholesterol in the 97SQS cells cultured with DOX and serum was higher than that in cultures with only serum. By investigating the effect of DOX on the sterol content of 97SQS cells cultured with serum, we found that the reduced amount of ergosterol was almost the same as the increased amount of cholesterol in the 97SQS cells cultured with DOX and serum, implying that incorporated cholesterol could be compensating for decreased ergosterol. Thus, these results suggest that incorporated cholesterol complements the defect of ergosterol biosynthesis and results in recovering cell growth. 
DISCUSSION
To estimate the efficacy of squalene synthase inhibitors for the therapy of C. glabrata infections, we investigated the importance of the squalene synthase gene for the growth of fungi in mice by using the C. glabrata tetracycline-regulatable expression system (23) . Herein, we report interesting evidence that the CgERG9 gene is essential for fungal growth in laboratory medium; however, it is not required at all for fungal growth in mice. We also found that erg9-deficient cells could grow in the media containing serum and that the ability to incorporate exogenous cholesterol can suppress their growth defect. Taken together, these results suggest that this ability would also support growth of the erg9-deficient cells in mice. Inhibitors of squalene synthase are, therefore, not useful for the treatment of C. glabrata infections.
Both in S. cerevisiae and in mammalian cells, squalene synthase activity is regulated transcriptionally and posttranslationally to maintain the cellular sterol content (7, 17, 27) . Squalene synthase activity was decreased both in ATCC 2001 (endogenous ERG9 promoter) and 97SQS (the artificial promoter 97t) cultured with serum-containing media (in the absence of DOX), presumably due to the ability of both cells to incorporate cholesterol from serum. These findings suggest that the activity can be regulated posttranslationally. The predicted phosphorylation sites, which are conserved in squalene synthases, might participate in this regulation, although discussion and further studies are required to verify this. In addition, the squalene synthase activity of wild-type ATCC 2001 cells was more strictly repressed than that of 97SQS cells cultured with serum, implying that squalene synthase was also regulated transcriptionally.
As shown in Fig. 4 and Table 2 , C. glabrata cells can take up sterol in an oxygen-independent manner. The ATCC 2001 and 97SQS cells still incorporated exogenous cholesterol in the presence of serum, even though the cells generated amounts of ergosterol similar to those obtained when they were cultured under normal conditions (in the absence of serum). From our data, it is difficult to determine how cholesterol was incorporated and whether or not the sterol uptake of normal cells is governed by the same mechanism as in cells lacking ergosterol. Nevertheless, these results allow us to speculate that ergosterol is the major sterol used for maintenance of membrane integrity for this fungal cell proliferation in mice and that incorporated cholesterol may have an important role(s) in maintaining fungal growth in the presence of serum and in the animal body. Furthermore, when the amount of cholesterol in media containing lipoprotein and the amount of cholesterol in media containing human serum are compared, these results suggest that a larger amount of cholesterol is necessary to rescue the growth in the media containing lipoprotein, implying that sterol uptake, at least in ergosterol-deficient cells, could be enhanced by some factor(s) in serum other than lipoprotein.
Numerous sterol biosynthesis inhibitors have been developed as antifungal agents. It has been reported, however, that these agents have limited usefulness for infections by fungi, including Candida species. It has been reported that allylamines, which are squalene epoxidase inhibitors, have been marketed as oral and topical treatments for dermatophytosis (29) . The limited usefulness of squalene epoxidase (ERG1) inhibitors against Candida species has been thought to be due to difficulties in crossing the plasma membrane (30) . In C. glabrata infection, this defect could be also explained on the basis of our finding; incorporation of cholesterol could rescue growth by inhibiting squalene epoxidase, as is observed in erg9-deficient cells. On the other hand, morpholines and piperidines, which inhibit sterol ⌬ 14 -reductase and ⌬ 837 -isomerase, are also limited for use against superficial fungal infections. These drugs cause fungicidal effects by the intracellular accumulation of ⌬ 8, 14 -sterol and depletion of ergosterol (9) . It has been reported, however, that ⌬ 8,14 -sterol did not block the growth of S. cerevisiae growing in ergosterol-containing medium under anaerobic conditions (18) . Our findings suggest that treatment of C. glabrata infections with these drugs could only result in accumulation of ⌬ 8,14 -sterol. Thus, the sterol uptake ability in ergosterol-deficient cells could explain the limited usefulness of squalene epoxidase inhibitors and inhibitors of sterol ⌬ 14 -reductase and ⌬ 837 -isomerase for C. glabrata infections. Therefore, the sterol uptake observed in our study is an important factor to estimate the efficacy of known sterol biosynthesis inhibitors in the treatment of C. glabrata infections. Alternatively, sterol uptake inhibitors would have potency as antifungal drugs for the therapy of C. glabrata infection, especially if they were administered simultaneously with known sterol biosynthesis inhibitors, such as squalene epoxidase inhibitors and inhibitors of sterol ⌬ 14 -reductase and ⌬ 837 -isomerase. We believe that our findings and hypothesis for the limited usefulness of squalene epoxidase inhibitors or sterol ⌬ 14 -reductase and ⌬ 837 -isomerase inhibitors against C. glabrata infections apply to infections by other fungi that have activity for uptake of in-host cholesterol. 
